Recent studies report a significant increase in the incidence of peanut allergy, particularly in Europe and North America, where self-reported peanut allergy is approximately 1% among subjects less than 18 years of age. 1, 2 According to a 5-year follow-up survey among children in Montreal, Canada, peanut allergy prevalence (confirmed by skin prick tests [SPTs] and oral food challenges) increased from 1.34% in 2000-2002 to 1.62% in 2005-2007, 3 and a population-based study conducted in Australia among infants aged 12 months found the prevalence of challengeproved peanut allergy to be 3.0%. 4 Although extensive peanut allergy research has been conducted in Western countries, there are only a few published studies from other areas of the world where peanut consumption is high, such as Southeast Asia. A population-based questionnaire survey in children of both 4 to 6 years and 14 to 16 years of age in 2 Asian populations indicates that self-reported adverse reactions to peanut in this region might vary between 0.43% and 0.64%. 5 Additionally, a food allergy study among children 6 to 11 years old in China, India, and Russia described peanut allergy to be uncommon in all 3 countries. 6 For Sub-Saharan Africa, no published data are available to date.
One reason proposed to explain the lower prevalence of allergic disorders in many developing countries is the possible suppressive role of chronic infections on the development of allergies. 7 Infections, especially parasitic ones, are highly prevalent in Africa, Asia, and South America, particularly in rural areas or in poor sections of urban communities. [8] [9] [10] One mechanism by which helminth infections are believed to protect against allergies is by activating regulatory networks that involve the induction of regulatory T and B cells, as well as the modulation of innate immune cells. 11, 12 Another mechanism of recent interest has been how cross-reactivity between parasite/helminth antigens and allergens can affect IgE sensitization patterns and their translation into clinical symptoms. 13, 14 Because there is little information on peanut allergy in SubSaharan Africa and on associated risk factors, we set out to investigate the epidemiology of peanut allergy in schoolchildren in Ghana, a country where peanut consumption is estimated to be high. In 2009 alone, the per capita consumption of peanuts in Ghana was approximately 12 kg 15 compared with a per capita estimate of 6.6 kg for the United States in the same year. 16 Our objective was to identify factors associated with peanut sensitization and reported symptoms, such as parasitic infections, peanut consumption patterns, and peanut preparation methods. We also sought to characterize IgE reactivity to peanut in our population.
METHODS

Study design and population
We conducted a cross-sectional study between March 2006 and March 2008 that was part of a larger investigation into allergic sensitization and parasitic infections in schoolchildren in Southern Ghana. This investigation was carried out within the framework of the European Union-funded EuroPrevall 17 and GLOFAL 18 projects (see details in the Methods section in this article's Online Repository at www.jacionline.org). Outcome parameters of interest were (1) reported adverse reactions to peanut and (2) peanut sensitization based on serum specific IgE levels and SPT reactivity. The study was approved by the Noguchi Memorial Institute for Medical Research Institutional Review Board, Ghana (NMIMR-IRB CPN 012/04-05). Three districts in the Greater Accra Region were selected for the investigation. Within these districts, schools were randomly selected and approached to participate in the study (see sampling methodology in the Methods section in this article's Online Repository).
We recruited children between 5 and 16 years old attending 6 rural and 3 urban schools. Approximately 35% (1714/4852) of all children attending targeted schools agreed to participate in the study (see Fig E1 in this article's Online Repository at www.jacionline.org). The overall participation rate in the rural schools was 34.7% compared with 36.4% in the urban schools. There was no information available on nonparticipants. Of 1714 children enrolled, 59 subjects were ultimately unavailable for data collection, and 51 were excluded for being outside of the age range (see Fig E2 in this article's Online Repository at www.jacionline.org), leaving a total study population of 1604 children. Parameters measured were IgE serology (n 5 1328), SPT reactivity (n 5 1396), questionnaire results (n 5 1372), urinary schistosomiasis (n 5 1537), intestinal helminths (n 5 1398), and malaria blood films (n 5 1468).
Component-resolved diagnostics (CRD) could only be performed for a maximum of 50 subjects because of budgetary limitations. Subjects for whom a sufficient serum volume (> _350 mL) was available were included based on reported adverse reactions to peanut (n 5 8), peanut SPT response positivity (n 5 15), and randomly selected subjects with IgE levels to peanut of greater than 1.5 kU/L (n 5 15). This threshold was chosen to increase the sensitivity for measuring IgE levels against individual peanut allergens. Five randomly selected negative control subjects with no reported adverse reactions to peanut and no peanut sensitization were also included. The detailed selection procedure for the CRD subset can be found in the Methods section in this article's Online Repository and also see Fig E3. 
Parasitological examinations
One stool sample per subject was collected for the detection of intestinal helminth eggs by using the Kato-Katz technique 19 with 25 mg of stool. A urine sample was also collected to determine Schistosoma haematobium infection by using the standard filtration method 20 in which 10 mL of urine is filtered through a nylon nucleopore filter (pore size, 12 mm). For each subject, a small quantity of blood was collected to prepare a Giemsa-stained thick smear slide to detect malaria.
Questionnaire
A standard questionnaire (for a copy of the questionnaire, see this article's Online Repository at www.jacionline.org) was administered to the parents or guardians of study subjects to collect information on demographic and socioeconomic parameters, as well as information on established risk factors for the development of allergy. Questions on the symptoms of adverse reactions to food were included in the questionnaire. These were adapted from the validated EuroPrevall survey questionnaire. 21 The questionnaire was administered by trained interviewers who were fluent in the local language of each participant. It was pretested in a pilot study under field conditions to ensure understanding and acceptability.
SPTs
SPT reactivity to a commercially available whole peanut extract (kindly provided by ALK-Abell o, Madrid, Spain) was assessed by using the standard protocol, 22, 23 as has been described in detail elsewhere. 24 We defined peanut SPT response positivity as a mean wheal diameter of 3 mm or greater. 25 
IgE antibody measurements
ImmunoCAP (Thermo Fisher Scientific, Uppsala, Sweden) measurements were carried out according to the manufacturer's instructions. IgE levels to peanut were assessed in all participants, and 0.35 kU/L was used as the sensitization cutoff. A cutoff of 15 kU/L or greater, which is reported to have a positive predictive value of 95% for clinical peanut allergy, 26 was also examined.
For the CRD subset (n 5 43), specific IgE to recombinant peanut allergens (rAra h 1, 2, 3, and 9), profilin (rPhl p 12), and bromelain, a marker for crossreactive carbohydrate determinants (CCDs), was assessed by using Immuno-CAP. Bet v 1-homologous Ara h 8 was excluded from the analysis because there is no exposure to Fagales tree pollen in Ghana.
IgE inhibition assays
Titrated ImmunoCAP inhibition assays were conducted to establish the degree of cross-reactivity of peanut-specific IgE. To this end, 75 mL of pooled serum comprised of equal volumes of 17 sera (all with peanut-specific IgE levels > _5.5 kU/L and similar IgE responses to peanut, as well as to bromelain) was mixed with 75 mL of inhibitor. Inhibitors used were either bromelain, S haematobium soluble egg antigen (SEA), S haematobium adult worm antigen, or Ascaris lumbricoides antigen. For 3 subjects, 2 with high and 1 with low IgE titers to Ara h 9, individual sera were also tested by using ImmunoCAP inhibition. Each serum pool (or individual sera) was preincubated with an inhibitor at room temperature for 1 hour. Subsequently, samples were analyzed for peanut-specific IgE, as described above. Results were expressed as percentages of an uninhibited control (PBS).
Basophil histamine release assays
Basophil histamine release (BHR) assays were performed with stripped basophils from a nonallergic donor that were sensitized with sera of subjects selected from the CRD subset (n 5 43) to assess the biological activity of peanut-specific IgE in our population. Two sera with similar IgE levels against peanut and CCDs were selected. In addition, 2 sera with higher IgE levels against peanut than against CCDs in combination with high IgE levels against Ara h 9 were also evaluated (see full characteristics in Table E1 in this article's Online Repository at www.jacionline.org). BHR assays were performed, as described elsewhere.
27,28
Statistical analysis
Analysis was carried out with STATA version 10 software (StataCorp, College Station, Tex). Urban-rural differences in subjects' characteristics, as well as in peanut sensitization (IgE and SPT) and reported adverse reactions, were examined by using the Pearson x 2 test with 1 df. To assess factors associated with peanut sensitization (IgE levels and SPT responses) and reported adverse reactions, multivariable random effects logistic regression models were fitted that took into account possible correlations among observations within each school by modeling school as a random effect. This approach was used because children attending the same school were likely to share common characteristics, as well as exposures. Models were adjusted for age, sex, and urban-rural area (as a priori confounders) along with other variables significant from crude analysis.
RESULTS
Characteristics of the study population
The characteristics of the study participants stratified by area are given in Table I . There were no significant differences in sex distribution and age group when comparing the 2 areas, although urban children had a slightly higher median age. In addition, rural subjects had significantly more helminth infections and malaria.
Although peanut consumption was high in both areas, reported daily consumption was considerably higher among rural schoolchildren (36.2%) compared with their urban counterparts (9.8%). Furthermore, in the rural area both ''boiledonly'' and ''roasted-only'' peanut preparation methods were reported more frequently than in the urban area, where the combination of roasting and then boiling peanuts in soup preparation was more common. Topical exposure to peanut, as assessed based on the use of peanut oil as a skin ointment, was higher in rural compared with urban schools.
Reported adverse reactions and sensitization (IgE levels and SPT responses) to peanut
Adverse reactions were reported in 1.5% (n 5 21/1372) of participants (Table II) , most of whom were rural schoolchildren. The distribution pattern of the characteristics of those reporting adverse reactions (see Table E2 in this article's Online Repository at www.jacionline.org) did not differ significantly from the rest of the study population (statistical test data not shown). About 67% of those reporting adverse reactions to peanut had gastrointestinal complaints, and 43% had complaints J ALLERGY CLIN IMMUNOL VOLUME 132, NUMBER 3 described as itching of the mouth or difficulty swallowing. Only 4 of 21 subjects reported a reaction time ''within minutes'' (see Table E3 in this article's Online Repository at www. jacionline.org).
The percentage of subjects with a positive peanut SPT response was 2.0% (n 5 28/1396), and this was not significantly different between the 2 areas (Table II) . Positive wheal sizes for peanut ranged from 3.0 to 6.5 mm and did not vary between areas (data not shown).
Peanut IgE sensitization (> _0.35 kU/L) was observed in 17.5% (n 5 233/1328) of the study population, with 23.6% of rural children being sensitized compared with 9.7% of urban participants (P < .001). However, 92.4% (n 5 194/210) of those IgE sensitized to peanut (> _0.35 kU/L) had negative peanut SPT responses. Interestingly, 0.9% (n 5 12/1328) of the study subjects were highly sensitized when using the IgE cutoff of 15 kU/L or greater, which is reported to have a positive predictive value of 95% for clinical peanut allergy, 26 but only 1 of them reported reactions. Fig 1 shows the overlap between the peanut-related outcomes for study subjects with complete allergy data (reported reactions, SPT levels, and IgE responses). No subjects had positive results for all 3 parameters.
Factors associated with peanut sensitization (IgE levels and SPT responses) and reported adverse reactions to peanut
In multivariable analysis area was strongly associated with peanut IgE sensitization of 0.35 kU/L or greater, with urban subjects having a reduced odds of increased IgE levels relative to their rural counterparts (adjusted odds ratio [aOR], 0.41; 95% CI, 0.25-0.67; P < .001; Table III ). S haematobium infection was also associated with peanut IgE sensitization (aOR, 2.29; 95% CI, 1.37-3.86; P 5 .002), whereas intestinal helminth infection was not.
Although the majority of peanut IgE-sensitized subjects did not have positive peanut SPT responses, almost all subjects with positive peanut SPT responses were IgE sensitized. Thus in multivariable analysis IgE sensitization was associated with peanut SPT reactivity (aOR, 17.09; 95% CI, 6.30-46.36; P <.001). In addition, although not observed in crude analyses, residing in an urban area was associated with a significantly higher Peanut-specific IgE models were adjusted for age, sex, area, and S haematobium infection. Peanut SPT models were adjusted for age, sex, area and peanut-specific IgE levels.
Reported peanut reaction models were adjusted for age, sex, and area. *Any intestinal helminth 5 Ascaris lumbricoides, hookworm (Ancylostoma duodenale or Necator americanus), Trichuris trichiura, or Schistosoma mansoni. Plasmodium species 5 Plasmodium falciparum or Plasmodium malariae (the 2 malaria parasite species detected in our study population).
chance of having a positive SPT response to peanut after adjusting for confounders (Table III) . No other factors, including helminth infection, had an effect on SPT responses to peanut (Table III) . Data on peanut consumption and preparation methods as risk factors for peanut-related outcomes are shown in Table E4 in this article's Online Repository at www.jacionline.org. ''Never'' consuming peanuts, as a proxy for avoidance, was associated with reported symptoms (aOR, 5.40; 95% CI, 1.47-19.80; P < .05). Raw peanut consumption was also linked to reported adverse reactions to peanut (aOR, 17.14; 95% CI, 2.93-100.45; P < .01). However, numbers were low, as reflected in the wide CI. All other factors, including helminth infection, were not significantly associated with reported adverse reactions to peanut (Table III and see  Table E4 ). Fig 2, A, shows the results of CRD performed in a subset (n 5 43) to better characterize peanut-specific IgE. Those with IgE levels to peanut of greater than 1.5 kU/L (median, 12.5 kU/L) had high levels of IgE to CCD but low IgE responses (<1.3 kU/ L) to rAra h 1 to 3 and rPhl p 12. A strong correlation was seen between peanut-specific IgE and CCD-specific IgE levels (r 5 0.89, P < .0001; Fig 2, B) . For some subjects, IgE levels against peanut were significantly higher than those to CCDs, and in 6 of these subjects, high titers of IgE to the lipid transfer protein rAra h 9 were observed (Fig 2, A) . Of note, 4 of 6 of these subjects had positive peanut SPT responses (see Table E1 ).
Component-resolved IgE testing
Inhibition of IgE binding to peanut by CCDs and schistosome egg antigen
Titrated CAP inhibition assays demonstrated that binding of IgE from a serum pool of subjects (n 5 17) with similar IgE titers to peanut as to CCDs was almost completely inhibited by CCDs, as well as by S haematobium SEA (Fig 3) . Interestingly, SEA, a glycoprotein preparation of S haematobium eggs, inhibited at a greater than 100-fold lower protein concentration than the plant-derived glycoprotein marker for CCDs, bromelain. Individual inhibitions for 2 subjects with high IgE levels to peanut and Ara h 9, as well as low IgE levels to CCDs, showed less than 10% inhibition by SEA (see Table E1 ). In addition, S haematobium adult worm antigen and A lumbricoides antigen did not inhibit binding significantly (data not shown).
BHR assays
Peanut extract induced little histamine release when basophils were sensitized with IgE from subjects with similar IgE reactivity to peanut as to CCDs (Fig 4, A and B) . For these subjects, the ability of S haematobium SEA to induce histamine release was tested, and only at a concentration of 10 mg/mL was release observed. For 2 subjects with titers of IgE against Ara h 9 of greater than 70 kU/L (Fig 4, C and D) , Ara h 9 induced significant histamine release starting at 10 pg/mL, reaching maximum release at approximately 1 ng/mL, whereas with peanut extract, release was seen starting from a concentration of 10 mg/mL.
DISCUSSION
Our study is the first investigation of reported adverse reactions to peanut and peanut sensitization based on serum specific IgE measurements, as well as SPT reactivity, in Sub-Saharan Africa among an unselected group of children. We confirmed that there was a high frequency of daily peanut consumption in Southern Ghana, particularly among rural schoolchildren. We also observed an association between reported peanut-related adverse reactions and peanut avoidance. The percentage of reported peanut-related adverse reactions among schoolchildren in our survey was 1.5%. However, the majority of these reported reactions occurred within hours/days, whereas IgE-mediated peanut allergy is typically associated with symptoms appearing within minutes or up to 2 hours. 29 Among study participants, 2.0% had positive peanut SPT responses. Although 17.5% of all subjects had increased IgE levels to peanut (> _0.35 kU/L), 92.4% of these had negative peanut SPT responses. One explanation for the discrepancy between specific IgE levels and SPT responses could be the suppression of IgE-induced inflammation by immunologic regulatory networks 30 that might be operative during chronic helminth infections. However, we did not observe any association between helminth infection and SPT responses to peanut.
Notably, 12 of 1328 participants had peanut-specific IgE levels of 15 kU/L or greater, a cutoff reported to have a positive predictive value of 95% for clinical peanut allergy in a European study population 26 but was virtually unaccompanied by reported symptoms in our study. This highlights the limitations in applying cutoff values determined in one population to other populations.
Analysis by CRD in a subset indicated that the majority of those with high IgE titers against peanut (median, 12.5 kU/L) had low responses (<1.3 kU/L) against the major peanut allergens (Ara h 1, 2, and 3) commonly associated with peanut allergy. [31] [32] [33] Recently, IgE responses to Ara h 2 in particular have been used to differentiate between clinical peanut allergy and asymptomatic peanut sensitization, 34 as well as to improve diagnostic accuracy. 35 One study observed that an IgE cutoff to rAra h 2 of greater than 0.23 kU/L had a specificity of 97% and sensitivity of 93% among patients with peanut allergy and control subjects in France. 32 Taken together, sensitization to peanut storage proteins in Ghana appears weak and rare compared with that in European or US patients with peanut allergy. The lack of clinical reactivity among study participants with increased IgE responses to Ara h 2 would have to be explored further.
The most dominant molecular component recognized by IgE in peanut-sensitized subjects in our subset was the CCD. A strong correlation was observed between IgE levels to peanut and to CCDs. CCDs are N-glycans in plants and invertebrate glycoproteins that result in a high degree of cross-reactivity between pollen and foods. 36 CCDs have negligible in vivo biological activity, as well as clinical relevance. [37] [38] [39] Grass pollen was found to be of minor importance in Ghanaian schoolchildren, as was established in a pilot study preceding the present survey. In our study population we observed that current S haematobium infection was associated with increased IgE levels to peanut. Moreover, among our subset, the results of the ImmunoCAP inhibition assays showed that plant-derived CCDs (bromelain) inhibited IgE binding to peanut but that a Schistosoma species-derived glycoprotein was a far more potent inhibitor. These observations suggest that carbohydrate-specific IgE is induced by glycoproteins from the eggs of S haematobium that are different from but crossreactive with those on bromelain. Interestingly, Schistosoma species adult worm glycoproteins were not effective as inhibitors, indicating the importance of stage-specific N-glycans in this cross-reactivity. The importance of cross-reactivity might also explain the residual effect of the rural area on IgE to peanut, which was seen after adjusting for current S haematobium infection. Past infections in subjects residing in the rural area might have led to cross-reactive IgE to peanut.
Interestingly, in the studied subset IgE responses to Ara h 9 were increased in 6 children, with 2 having IgE titers of greater than 70 kU/L. Furthermore, IgE antibodies against Ara h 9 were biologically active at low allergen concentrations (picogram per nanogram range), as determined by using BHR assays. The observation that 4 of 6 subjects with high IgE levels to Ara h 9 had positive peanut SPT responses is in line with these BHR results. However, none of these reported immediate adverse reactions to peanut. Altogether, the data suggest that sources other than CCDs could contribute to increased IgE levels to peanut extract. The origin of sensitization to this lipid transfer protein is unknown, and whether a locally consumed fruit is at the basis of this sensitization, as is commonly reported in Europe in relation to peach, 31, 40, 41 remains to be determined for Ghana. Our study had a number of limitations, such as a low participation rate, but given our observation that IgE-mediated peanut allergy in Ghanaian schoolchildren is rare (if existing at all), it is unlikely that selection bias is affecting our findings in this respect. However, the borderline significant difference in age between rural and urban children, as well as the fact that the rural population is from areas that are endemic for helminth infections, need to be taken into account when considering the generalizability of our findings. The absence of a gold standard for peanut allergy (oral food challenges) is another limitation, but given that reported adverse reactions to peanut were largely not accompanied by immediate reactions, this is less likely to be an issue. An additional study weakness is the use of a questionnaire as a measurement tool for adverse reactions, as well as other selfreported parameters. Furthermore, our school-based study design meant that children less than 5 years of age were excluded from the investigation, which might bias the results by omitting an important age group affected by peanut allergy. However, given the persistent nature of peanut allergy among most subjects, the effect of an older age cutoff of 5 years is likely to be minimal. The fact that CRD was conducted in a relatively small subset of our larger study population is another limitation, although the subset did not differ from the wider study population on key demographic factors and parasitic infections.
Despite these limitations, our study provides new insight into the nature of peanut sensitization and reported adverse reactions to peanut in Ghana, a Sub-Saharan African country in which peanut consumption is high but does not appear to translate into true peanut sensitization, let alone peanut allergy. Overall, our observations suggest that IgE-mediated peanut allergy in Ghanaian schoolchildren is rare. Among a subset, we found a role for N-glycans, particularly related to Schistosoma species, in inducing cross-reactivity, resulting in increased IgE levels to peanut without skin reactivity or reported symptoms. This study once more highlights the poor biological activity of CCD-specific IgE. Interestingly, IgE to Ara h 9 demonstrated normal biological activity, suggesting that lack of biological activity is not the only explanation for the lack of clinical peanut allergy. Future studies on the characteristics of cross-reactive IgEs and the pathways behind their development might be essential to the ongoing investigation of immune regulatory mechanisms in an effort to curtail strong allergic inflammation.
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Clinical implications: Peanut-specific IgE antibodies in Ghana, a Sub-Saharan African country, show cross-reactivity with clinically irrelevant carbohydrate determinants and therefore might reduce the diagnostic value of this parameter in establishing peanut allergy.
